Abstract Previous report showed that leukemia cells' differentiation could be induced by retinoic acid (RA), and prostate cancer cells' proliferation could be inhibited by Vitamin D or its analog. This study aimed to examine whether RA and vitamin D analog EB1089 have synergistic effect on hepatocellular cancer cells' apoptosis. The hepatocellular cancer cell lines' viability was determined by MTT method after treating by RA and EB1089 alone or in combination, cell cycle of SSMC-7721 cell analyzed by FACS, mitochondrial membrane potential of SSMC-7721 under different treatments were detected using MitoTracker Red CMXRos. TUNEL analysis was also used for cell apoptosis detection. Real time-PCR and Western Blot assay were used to detect the expression of Bcl-2 and Bax. Moreover, hepatocellular cancer model was developed by subcutaneously (S.C.) challenging H22 cells to nude mice. In the combination group (10 lmol/L RA, 10 nmol/L EB1089), the viability of hepatocellular cancer cells decreased significantly compared with drugs used alone (P \ 0.05). From the TUNEL analysis, SSMC-7721 cells have a higher apoptotic ratio in the combined drug group than in the groups for which the drugs were used separately. In a hepatocellular cancer model, the tumor weight of H22 tumor bearing mice was more reduced in the combined drug treated group when compared to the groups for which the drugs were used alone (P \ 0.05), in addition, significantly prolonged survival was observed. Combination of RA and EB1089 exert synergistic growth inhibition and apoptosis induction on hepatocellular cancers cells.
Introduction
Retinoic acid (RA) is the biologically active form of vitamin A and its signaling plays an important role in development process via its vitamin A receptor (RAR). In recent years, the pharmaceutical research showed that vitamin A could be used for disease prevention or tumor treatment (Hou et al. 2008; Engedal et al. 2009; Chiu et al. 2008; CzeczugaSemeniuk et al. 2009; Popadic et al. 2008; Park et al. 2008; Luo et al. 2009 ), such as vitamin A and its derivatives are used to treat various skin diseases, and for many other cancers (head and neck cancer, lung cancer, breast cancer, prostate cancer and bladder cancer) (Clarke et al. 2004 ). Wang Zhen-Yi's group (Wang and Chen 2008 ) made a major breakthrough in application of all-trans retinoic acid treatment of human acute promyelocytic leukemia (APL). Meanwhile, vitamin A can inhibit chemically induced bronchial multi-squamous cell carcinoma and breast cancer proliferation in clinical treatment (Ng et al. 2010; Sadikoglou et al. 2009; Gao et al. 2010; Papi et al. 2009; Wang et al. 2009 ).
Vitamin D, a fat-soluble steroid hormone precursor, can bind to its receptor (vitamin D receptor, VDR) to achieve various functions, such as maintaining normal calcium metabolism, regulating nuclear gene expression, inhibiting tumor cell proliferation, and inducing tumor cell differentiation and apoptosis (González-Sancho et al. 2006; Spina et al. 2006; Pérez-López et al. 2009 ). Vitamin D and its analog have been assessed on prostate cancer ranging from basic to clinical research. Studies have shown that vitamin D and its analog at physiological concentrations can inhibit prostate cancer PC-3 and LNCaP cell proliferation (Guzey et al. 2002) . At the same time, vitamin D and its analog can enhance the cytotoxicity of anticancer drugs such as paclitaxel, by synergistic inhibition of prostate cancer cell proliferation (McGrath 2001) . However, high concentrations in vitamin D can cause hypercalcemia side effects of its clinical application in the field of anti-tumor treatment, moreover, combination of vitamin D or its analog and retinoids were used to induce cancer cells apoptosis such as of human leukaemia cells (James et al. 1997) , pancreatic cancer cells (Pettersson et al. 2000) , breast cancer cells (Stefanska et al. 2012) , and prostate cancer cells (Elstner et al. 1999) . Previous studies have found that the combination of all-trans retinoic acid and vitamin D can induce differentiation of tumor cells of the hematopoietic system (Muto et al. 1999) , however, with lower efficiency than in studies on solid tumors. Heptaocellular carcinoma is the most common type of malignant liver tumor, however, most of the patients do not receive a timely diagnosis, thus, resistance to chemotherapy and systemic side effects are often observed. Therefore, there is an urgent need to explore some new treatment options, to find efficient and low side effects of drugs for the treatment of hepatocellular cancer, and in addition non-chemotherapy drugs such as RA and vitamin D or its analog are low-costalternative drugs. Moreover, whether RA and vitamin D analog EB1089 could induce hepatocellular carcinoma cancer cell apoptosis is still unknown.
This article aims to explore the synergy of RA and vitamin D analog EB1089 induced hepatocellular cancer cell apoptosis and its mechanisms, to lay a theoretical foundation for the clinical application of RA and EB1089 associated with the treatment of hepatocellular cancer.
Materials and methods

Cells and culture conditions
Mouse hepatocellular cancer cell line H22, human hepatocellular cancer cell line SSMC-7721 and HepG2, human prostate cancer cell line PC-3, were purchased from the American Type Culture Collection (ATCC), RA and EB1089 were obtained from Sigma Chemical (St Louis, MO, USA). Cells were cultured in DMEM containing 10 % FBS, L-glutamine (4 mmol/ L), penicillin (100 units/mL), and streptomycin (100 lg/mL), and incubated at 37°C in a humidified atmosphere of 5 % CO 2 and 95 % air cells were subcultured every other day.
MTT detection
MTT is taken up by cells and is reduced to a colored formazan product that can be detected by spectrophotometry (kmax = 562 nm). Reduction of MTT is dependent on the mitochondrial respiratory function, and thus measures the relative number of viable cells in the culture. The SSMC-7721, H22 or HepG2 cell concentration was adjusted to 2.0 9 10 6 /mL. Then the cells were incubated in a 96-well plate, with 200 lL (4 9 10 5 cells per well) for each well. After adherence of cells for 24 h, RA (5, 7.5, 10, 15 lmol/L), EB1089 (5, 7.5, 10, 15 nmol/L), and their combinations (10 lmol/L RA, 10 nmol/L EB1089) were added for different times (24, 48, 72 and 96 h) respectively, with each concentration in three parallel wells, and a blank control group was established. After 24, 48, 72 or 96 h of culture, 20 lL newly prepared MTT (5 g/L) was added into each well, and incubation was continued for 4 h at 37°C. Then, supernatant was removed, and 150 lL DMSO was added to completely dissolve the precipitate. Absorbance (A) at 490 nm was measured by automatic fluorescence microplate reader, and the growth inhibition ratio was calculated as follows: Cell Growth Inhibition Ratio = (1-A value of experimental well/A value of control well) 9 100 %. FCM (flow cytometry) analysis SSMC-7721 cells were seeded on a 6-well plate the day before the drug treatment so that they were 60-80 % confluent at the time of treatment. The treatments were divided into 5 groups (group I, untreated; group II, 10 lmol/L RA; group III, 10 nmol/L EB1089; group IV, 10 lmol/L RA combined with 10 nmol/L EB1089; group V, 10 lg/mL cisplatin) for 48 h treatment, 1 9 10 6 -5 9 10 6 SSMC-7721 cells were collected and centrifuged at 1,000 rpm for 5 min, and then the culture suspernant was removed; the cells were washed twice by 1 mL PBS, centrifuged, fixed with pre-cooled 70 % alcohol, and left overnight at 4°C; after centrifugation, the suspernant was removed, 1 mL PI staining solution was added to stain cells for 30 min at 4°C at a dark place, and then the solution were sieved by a 400-mesh nylon net. FCM was used to detect the cell cycle.
Detection of mitochondrial membrane potential SSMC-7721 cells (4 9 10 5 cells per well in 96-well plate) were treated by RA (10 lmol/L), EB1089 (10 nmol/L) and its combinations for 48 h, then the membrane potential-dependent stain MitoTracker Red CMXRos (Invitrogen, Carlsbad, CA, USA) was used to assess the mitochondrial membrane potential. A total of 5 9 10 6 cells per well treated by RA, EB1089 or their combinations were incubated in complete DMEM containing a 0.1 lM final concentration of MitoTracker Red CMXRos dissolved in dimethyl sulfoxide for 20 min in a 37°C, 5 % CO 2 gas incubator. The cells were sedimented and washed in 150 mM NaCl-20 mM phosphate (pH 7.4; PBS) and then incubated in DMEM without dye for 30 min. Cells were sedimented, washed with PBS, and fixed with 4 % paraformaldehyde in PBS for 10 min at 4°C. After another wash in PBS, the cells in the microplate were read by a spectrophotometer. Mean and standard deviation is plotted for 3 replicates from each condition.
RNA extraction, RT-PCR and Real-Time PCR
After the SSMC-7721 cells (6-well plate) treated by RA (10 lmol/L), EB1089 (10 nmol/L) and its combinations for 48 h, total RNA was isolated using RNeasy kit (QIAGEN, Mississauga, Ontario, Canada), followed by DNAse I treatment. Six hundred nanograms of total RNA were reverse transcribed in 30 mL reaction mixture containing 500 mM each of deoxynucleotide triphosphate, 12U ribonuclease inhibitor and MultiScribe reverse transcriptase using TaqMan reverse transcription reagents (Applied Biosystems, Branchburg, NJ, USA). The reaction mixture was incubated at 25°C for 10 min, 48°C for 30 min and 95°C for 5 min. The PCR primers for Bcl-2, Bax or the house-keeping gene GAPDH are described in Table 1 . Real-time PCR was performed on cDNA samples in triplicate using an ABI PRISM 7900HT sequence detection system (Applied Biosystems). SYBR Green PCR Master Mix (AB Applied Biosystems) was used according to the manufacturer's protocol. PCR optimized reactions were performed in a 20 mL volume containing 0.5 mM primers and 1 lL cDNA under the following conditions: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min. The results were analyzed using a comparative method. The amount of target, normalized to the endogenous reference, is given by the formula 2 -DDCt (which indicates the copy number) where Ct represents the threshold cycle, indicating the fractional cycle number at which the amount of amplified target reaches a fixed threshold. All experiments were performed in triplicate.
TUNEL assay SSMC-7721 cells were grown to 75 % confluency on 12-well Falcon culture slides and incubated for 14 h with or without RA (10 lmol/L), EB1089 (10 nmol/ L) or their combinations, and then cells were fixed with 4 % PFA. The TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick endlabeling) assay was performed using the In Situ Cell Death Detection Kit (Roche Diagnostics, Barcelona, Cruz, CA, USA), or GAPDH (1:2,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). After washing three times, each for 10 min in 19 TBST, blots were exposed to the secondary antibody (anti-mouse or antirabbit IgG-HRP, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a dilution of 1:2,000 and visualized using the ECL chemiluminescence detection system (Amersham, Buckinghamshire, UK). Band intensities were quantified by scanning densitometry. All studies were performed in triplicate experiments.
Establishment of hepatocellular cancer model and its therapy studies
Female athymic BALB/c nude mice 6-8 weeks old were housed in autoclaved microisolator cages in an air-filtered laminar flow cabinet and were given food and water ad libitum. All procedures were performed under sterile conditions in a laminar flow hood. This animal experiment was approved by the Institutional Animal Care and Use Committee and was in compliance with all regulatory guidelines. H22 cell suspension (5 9 10 6 cells in 100 lL of DMEM medium) was injected subcutaneously at several injection sites. The purpose of developing hepatocellular tumors was to generate histologically intact tumors for drug therapy. When the diameter of tumors reached about 1 cm, RA, EB1089 or their combinations were administrated by intraperitoneal injection per 3 days, twenty-five of these mice were randomly assigned into one of the following five groups (n = 5): (a) mice treated with DMEM medium, (b) mice treated with DMSO, (c) mice treated with RA (10 mg/kg), (d) mice treated with EB1089 (1 lg/kg) and (e) mice treated with RA ? EB1089 (Collins et al. 1992) . Body weight and tumor size at the site of inoculation were measured three times a week. Tumor size was assessed from two diameters, the greater diameter (a (mm), average size) and the lesser diameter (b (mm), average size) measured at right angles to each other. Tumor weight was estimated using the formula ab 2 /2.
Statistical analysis
The measurement data are indicated by mean ± standard deviation (x ± s), statistical software SPSS 11.5 was applied, and single factor analysis of variance and pairwise comparison analysis of multiple sample means were adopted. Significance level was assigned at P \ 0.05.
Result
RAR (retinois acid receptor) and VDR (vitamin D receptor) expression on hepatocellular cancer cell lines
Retinoic acid (RA) and vitamin D play their role in signaling pathways via their respective receptor RAR and VDR. A previous report has shown that the analog of vitamin D (EB1089) at physiological concentrations inhibit the proliferation of the prostate cancer cells PC-3 expressing RAR and VDR and LNCaP via VDR transferring apoptosis signaling (Guzey et al. 2002) . Therefore, we analyzed the expression of RAR and VDR on hepatocellular cancer cell lines H22, SSMC-7721 and HepG2 (PC-3 cells used as a RAR and VDR double expression cell line, Fig. 1 ). RAR and VDR expression on the hepatocellular cancer cell lines indicate that RA and vitamin D or its analog may have a role in the growth of these cancer cell lines.
The inhibition effect of RA, EB1089 and its combination
The results showed that RA and EB1089 inhibited SSMC-7721 cell growth in dependence of time and concentration (Fig. 2a) . For each group the difference was statistically significant (P \ 0.05) in comparison to the control group. In this study, 10 lmol/L RA and 10 nmol/L EB1089 were used for treating SSMC-7721 cells using different detection methods. From the data shown, the viability of SSMC-7721 cells was significantly decreased for the groups for which RA and EB1089 were used separately, the difference was statistically significance (P \ 0.05) (Fig. 2b) . Moreover, the combination of RA and EB1089 led to synergistic inhibition of SSMC-7721 growth. At the same time, different cells had different drug sensitivities towards treatment with RA combined with EB1089. SSMC-7721 cells were more sensitive (Fig.  2c) , the difference was statistically significant (P \ 0.05). From the data shown above, we found that the combination of RA and EB1089 can synergistically inhibit the growth of hepatocellular cancer cell lines.
SSMC-7721 cells cell cycle changes and apoptosis by RA and EB1089 combination
The proportions of apoptosis were quantitatively detected by flow cytometry. A hypodiploid peak was observed for the group treated with RA and EB1089 alone or in combination, the G1 peak appeared to the left of the hypodiploid cell population (apoptotic cells) peak (Fig. 3a-e) . In the combination group, the apoptotic rate of SSMC-7721 cells was significantly increased compared for the groups treated separately with the drugs (Table 2) .
Mitochondrial permeability transition is an important step in the induction of cellular apoptosis. During this process, the electrochemical gradient across the mitochondrial membrane collapses. The collapse is thought to occur through the formation of pores in the mitochondria by pro-apoptotic proteins. Therefore, the loss of mitochondrial membrane potential is a hallmark for apoptosis. The analysis of changes in mitochondrial membrane potential (MMP) that can occur during apoptosis provides precious information on the mechanisms. The membrane potential of mitochondria will be significantly reduced during apoptosis. In the combination group, mitochondrial transmembrane potential of the SSMC-7721 cells was significantly decreased (Fig. 3f) , the difference was statistically significant (P \ 0.05).
Data of cell cycle analysis by FACS and MMP assay indicated that SSMC-7721 cells apoptosis could be induced by RA and EB1089 combination.
Apoptosis and the expression of related genes
The intracellular endonucleases cut genomic DNA during the cell apoptosis and the 3 0 -OH ends of DNA are exposed, terminal deoxynucleotidyl transferases (TdT) is able to label blunt ends of double stranded DNA breaks independent of a template, and then colored with DAB. Experiments suggest that TUNEL assay is more specific for apoptosis detection. RA and EB1089 alone can induce SSMC-7721 cells apoptosis, cell shrinkage, varied shapes, nucleus shrinkage, dense chromatin cytoplasmic vacuolization, and apoptotic bodies, however the number is low. In the combination group, the number of apoptotic SSMC-7721 cells, detected by TUNEL, was significantly increased (Fig. 4a) . The expression of apoptosis-related genes was detected by real time-PCR and Western blot. The level of Bcl-2 and Bax mRNA (Fig. 4b, c ) and protein expression (Fig. 4d) was largely reduced in the drug combination group (RA?EB1089), the difference was statistically significant (P \ 0.05).
Effect of drug combination on tumor weight and survival of tumor bearing mice Mice inoculated with hepatocellular cancer tumor had lost about 10 % of their initial body weight by about 16 days after tumor inoculation. However, tumor weight decreased significantly in the RA and EB1089 combination group (P \ 0.05) (Fig. 5a) , moreover, tumor bearing mouse survived longer in drug combination (Fig. 5b) .
Discussion
RA is the biologically active form of vitamin A acid, which has various biological activities such as regulating of cell proliferation and differentiation of a variety of normal tissues and epithelial cell. Recent studies, showed that RA has the ability to prevent and inhibit the development of tumors. Studies have shown that vitamin D can enhance the activity of some anticancer drugs and reduce their side effects (McGrath 2001) . Research reports indicate that RAR and VDR can form heterodimers, VDR-RAR complex (Zinser et al. 2003; Zhang et al. 2001; González-Sancho et al. 2006; Spina et al. 2006; Bettoun et al. 2003) , enhance or inhibit transcription of the target gene (Zhang et al. 2011 ). The Muto group confirmed that the all-trans retinoic acid and 1a, 25-dihydroxy vitamin D3 has a certain synergy to induce differentiation of acute promyelocytic leukemia cells UF-1. The mechanism of this synergistic effect may be signaled through the VDR-RAR heterodimer interaction enhancing gene expression targeted by VDR. At present, the reports of RA in the treatment of hepatocellular cancer are still relatively few. Using different methods of detection, the objective was to find out if there is a certain degree of inhibition of proliferation of hepatocellular cancer cells by the combined treatment with RA and the vitamin D analog EB1089. Meanwhile, flow cytometry assay revealed that the combination of RA and EB1089 could significantly modify the cell cycle of hepatocellular cancer cells. Moreover, the TUNEL assay showed that the combination of RA and EB1089 could induce apoptosis of hepatocellular cancer cells, most importantly, tumor bearing mouse could survive longer after treatment with a combination of RA and EB1089. Effective synergy to reduce the dose of each drug, to improve efficacy, reduce adverse drug reactions, provides a new basis for induction of differentiation therapy for hepatocellular cancer.
In conclusion, RA and EB1089 have antiproliferation and induce apoptosis activity, and when the RA and EB1089 used in combination, there is a certain synergistic effect in tumor cell growth inhibition. This will be lain a theoretical foundation for treatment of hepatocellular cancer in clinical application. 
